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SUMMARY 

*  4  The  effect  of  variations  in  the  composition  of  solid  propellents  on  their 

tendency  to  show  combustion  instability  at  1000  psi  -(-6895~fcN/ra  )  has  been 
investigated  using  burner.  It  has  been  shown  that  ammonium,  perchlorate, 

particle  size  can  have  a  large  effect  on  the  acoustic  response  and  that  this  is 
frequency-dependent.  Titanium  dioxide  is  usually  added  to  plastic  propellents 
to  promote  stable  combustion  and  the  mechanism  of  its  action  has  been  determined* 
With  a  view  to  the  potential  use  of‘  oxygen-balanced  propellents  the  effect  of 
varying  the  oxidizer/fuol  ratio  of  plastio  propellents  has  also  been  studied. (  )  v. 
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1  INTRODUCTION  '  v"  ' 

Progress  in  the  understanding  of  the  factors  governing  combustion  , 
instability  .in  solid  propellent  rocket  motors  has  been  made  in,  the  last  few  ^ 
years..  It  is  hoped-  that  soon  it  will,  be  possible  to  predict  the  relative 
stabilities  of  burning  of  solid. propellents  in  rocket  motors  before  the  actual 
motors  are  fired,  on  the  -basis  of  knowledge  of  the  propellent  composition  and 

motor  dimensions.  .  ... 

\  *  1  •'  ' 

A  rocket  motor  may  be  regarded  as. -an-  acoustic,  cavity-  withr various-  *  , ,  r 

sources  of  acoustic*  gains  and  acoustic  losses  for  each.:mode.  of  that  cavity. 

If  the  gains  exceed  the  losses  for  a  particular  mode,  then;  a  .pressure,  oscilla-- 
tion  in  that  mode  can  be  amplified  and  will  grow  in\:  amplitude  until  .either 
pressures  high  enough  to  burst  the  motor'  case  are'  developed,. .or  ■, until  a  steady 
maximum  pressure-amplitude  is'  maintained  duo  to  one,  or  more  .of  the  ^sources  t 
of  acoustic  gain  or  loss  becoming  pressure  amplitude  dependent  in  such  a  way- 
'that  gains  and  losses  balance.  *  ■ 

The  aore  important  sources  of  acoustic  gain  and  loss  are  sho to-  irvFig.l , 

A  • 

taken  from  Hart  .  The  major  source  of  acoustic- energy  input  is  the . burni;ig 
zone  and  a  measure  of  this  is  given  by  the  acoustic.. response.fi/e,  wherein 
is  the  fractional  perturbation  of  mass  flow  rata  through  the  zone  caused- .by 
a  fractional  perturbation  of  pressure,  e  •  In  general  \\/e  will  bo  at  .complex 
quantity  reflecting  the  difference  in  phase  between  the  oscillating  pressure 
and  the  resulting  oscillation  of  mass  flow  rate.  An  .important  source  of 
acoustic  loss  is  caused  by  particulate  damping  of  the"  acoustic  waves  both  in 
the  burnt-gas  phase  and  in  the  flame  zono.  It  was  decided  to  concentrate' 
initially  on  studying  the  above  two  effects  at  the  R.P.E. ,  arid  experiments 
have  been  carried  out  in  T-burners  to  determine  how  these  affo'ots  are  varied 
by  changes  in  propollont  composition  such  as  the  ammonium  perchlorate  particle 
size  and  addition  of  ti  tanium  dioxide  CTiOg)  to  the  propellents.  TiOg  is  now 
generally  added  to  British  plastic  propellents  to  promote  stable  combustion. 
All  propellents  discussed  in  this  Report  are  based  upon  polyisobutene  (P.I.B. ) 
as  the  fuel  and  ammonium  perchlorate  as  oxidizer.  1 

Much  interest  has  been  shown  recently  in  developing  propellents  giving 
an  exhaust  that  is  effectively  free  from  attenuation  or  mbd'ulatibn  of  radio 
signals.  The  attenuation  is  known  to  be  associated  with  the  free  electron 
concentration  in  the  rookot  exhaust  jet  end  is  therefore  enhanced  when 
socondary  combustion  and  henoe  rise  in  temperature  of  the  exhaust  occur.  One 
way  of  reducing  the  tondoncy  of  a  rocket  motux*  to  produce  socondary  combustion 


is  to  use  propellents  in  which  the  oxidizer/ fuel  ratio  approaches  the  stoiohio- 
me trio -value  i.e.  propellents  of  which  the  exhaust  gases  oontain-only  small 
concentrations  of 'the  cdmbust'i61e '  gases,  hydrogen  and  carbon  monoxide.  .However, 
these  stoiohioniettio  or  oxygan^balsuioed  propellents  are  slightly  more  energetio 
'than  the  usual  fuel-ribh  propellents  and  concern  had  been  expressed  over  the 

i  . v  .  . 

possibility  that  they' may  possess  an  inoreased  tendency  to  oombustion  instability. 

.  I** ^ i* j  ij*.  i.,  *  jL'*.  r  *,  t  c  /;r  *  *  ■*  *  *  *  „■ 

Aoooi’dingly,  the  acoustic  response  we  is  determined/  of  four  propellents  in  which 
the  oxidizer/fuel  ratio  was  varied.  All  the  experimental  firings  were  carried 
out  at  a  'mean-  pressure  of  -1 000  psig  (6095  kN/m  )  whioh  was  chosen  as  a  typical 
operat'ing^pfe'ssuie- of  :modern^  solid  .propellent  rpuket.  motors.,  The  effects  of 
dxiiiizef/ fuol': ratio  .and.;  ammonium  perchlorate  particle  size  on.  the  aooustio 
irpspohse' have-not 'been ‘s^tudiad  ;©xton£(iy.ely.  Price  at  the  Naval  Ordnance  Test 
Station -has  ‘oarried  out  'Work2*^  using  an  ammonium  perchlorate/polybutyl  aorylio 

acid  co-polymer  (P.Bi.AiAi)  propellent;  system  and  an  operating  pressure  of 

...  2  -  -  ~ . 

20tt  psi  (‘i379'ltVm.)‘u  The  .findings  from  the  work  now  reported  differ  in  some 
important  respects  from  those  of  Price. 

<  ’  ♦■•■.  :Fihallyi  the  experimentally  determined  response  functions  for  two  groups 
of  -the“’‘ab6ve!:propellent8  were, •compaj.'cd.  with  values  calculated  by  the  methods 
devi8'edaby  'McClure'*-  -and'; his.*  co-workers ’at  the  Johns  Hopkins  University  to 
determine  whether  theory  could. prediot. the,  effect  of  change  of  one  specifio 
variable. '  ^ 

2-  THEORY 

'  ••  *  *  •  "e_  y 

The’  theory,  of  the . T-bprnor ’’  *  has  been  desoribod  elsewhere  but  is 
briefly  summarized  here.  It  has  been  shown  that  for  a  T-burner  with  propellent 
at  both  .ends,  the  real,  part  of  the  speoifio  aooustio  admittance  of  the  burning 
surfaoe,  .Ho  (I).,  where  Y  is  defined  as  the  ratio  of  the  aooustio  velocity 
^to,  ^he,,  aoouatio  .pressure,  is  given  by 


•Ro  (Y)  '=’•-■ 


2  p.  o 
rgas 


(«  -  « a) 


(1) 


(The  symbols  are  listed  or  p.l/.) 

..  • .  HcGlure^  has. expressed  the  real  part  of  the  speoific  aooustio  admittance 
fqr--,a..prppo,llen,t.(d^iying  osoillations  in  an  end-burning  motor  as 


;  !'£*(*  "SO 


(2) 


where  ji/s  is  the  response  function  of  the  combustion  zone,  fi  being  the 
fractional  perturbation  of  mass  flow  through  thu  zone,  and  e  the  fractional 
perturbation  of' pressure. 

’  '  *  -  *  * 

Combining  (l)  and  (2)  and  introducing  the  further  substitution  that,  , 

c  =  2  Lf,  v  pgas  =  r  Psoi^>  &nd  applying  McClure’s  correction  for  the -mean., 
flow  in  the  burner,  yields 


3  EXPERIMENTAL 

The  T-burner^  is  shown  schematically  in  Pig. 2  and  consists  [basically  of  - 
a  tube  2.0  inches  (50.8  mm)  in  diameter  closed  at  both  ends  in  which  the.- gas  - 
oscillates  in  the  fundamental  longitudinal  mode.  The  burner  tube  can  be 
varied  in  length  by  using  either  extension  tubes  or  different  centre  pieoes,. 
so  that  frequencies  in  the  range  0.7  to  4,0  IcHz  may  be  studied. . -An ’orifice, 

0,5  inch  diameter,  looated  centrally  in, the  burner  tube  is  connected  with  a 

4  cu  ft  surge  tank.  This  prevents  any  appreciable  change  in  the  mean  pressure 

during  the  burning  and  since  the  connection  is  at,  the  centre  of  the  tube,  i.e. 

*  *  , 

at  a  pressure  node,  acoustic  losses  are  minimised.  The  system  is  pressurised 
with  nitrogen  to  1000  psig  (6895  kN/m  )  before  firing  and  the  propellent 
ignited  by  small  cartons  containing  0.4  gm  of  a  standard  pyrotechnic  composi¬ 
tion,  SR  371 C,  The  pressure  in  tho  burner  tube  was  measured  by  quartz  piezo^ 

*  , 

elootric  pressure  transducers  (Xistler  Instrument  'Co'rp.  or  Vibro-meter  Corp.) 
and  recorded  photographically,  * 

The  plastic  propellent  used  in  these  studies  contained  polyisobutene 
(P.I.B.)  as  the  fuel  and  was  mixed  at  the  E.R.D.3.  Waltham  Abbey.  The  propel¬ 
lent  charges  were  prepared  by  first  coating  tho  T-burner  and  caps  with  Pliobond 
and  then  pressing  an  accurately  weighed  amount  of  propellent,  33«*i-  gm,  into  each 
end  cap.  The  thickness  of  tb  resulting  disc  of  propellent  was  0.4  inch 
(l0,2  mm).  The  compositions  and  some  of  the  ballistic  properties  of  -the 
proponents  used  for  this  work  aro  given  in  Tablos  1  and  2, 

4  RESULTS 

All  the  firings  reported  here  were  car.-i^d  out  at  a  mean  pres'suro  of 
2 

1000  psig  (6895  kN/m  ).  This  pressure  was  chosen  as  being  representative 
of  most  solid  propellent  rocket  motor  firings. 
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Por  each  propellent  tho  logarithmic  rates  of  growth  and  decay  of  the 
proasuro  C08oMa4on8 'vrord”  ^Lotted 'against  frequency.  Since  the  temperature 
in  the  hunter  iufee  was  loWr  when  the  decay  constants  were  measured  than  when 
the  growth  constants  were  measured,  the  decay  constants  were  .corrected  to  the 
tcn^riUitro --at- which-,  the  growth  constants  wero.measured  by  the  method,  described 
in  waowlieir  roportL  -  .’i  .  :  : 

The  real  part  of  the  response  function,  Re  (p/e),  and  the  real  part  of 
the  ispeoifio  acoustic  admittance,  Re  (Y) ,  were  then  calculated  using  aquations 
(i)).and (3).  .  .  - — 1™- 

The  effeot  of  particle  size  on  Re  (Y)  and  Re  (41/ e)  has  been  examined 
■both  in  the  absenoe  (Figs *3  and  4  respectively)  and  in  the  presence  (?ig8«5  and 
6  respectively)  'of  -l^of  .titanium,  dioxide  .(TiQ2).  .in  ..the  prppellent.  In  the 
Bftj<^1yc^iT«huine‘r  .firings  a  .steady .  n^imum  .pressui^.-pmplitude  was  reached 
when  the^adbus^ tic -losses'  .and^gains,.for  $he  system  were  balanced.  This  has 
been  ^plotted  Against  if riqv>®noy  l*1  '^ie  \%hsenoe ?i92  ®nd  the  presence 

ot  i^id'^CJig.Sjj  ': . 

■  3  The  the orb&£dal  value  of  Re  iv/e)‘  has  been  calculated, for  the  propellents 

hot*  containing  t£62  using  as  mapy  experimentally  determined  quantities  as 

possible’  (^i&*9)  »  Kuc-^sr  details'  d£'  thd  ;oal:oulations  are  given  in  earlier 

reports^8'  and  the  valiies  used  in'  the  calculations  are  given  in  Table  3* 

•I--'  •*  l.ii  .  j. 

-  i  ;05ie<.reduced.(presaure,“*amplitude,  i.e.  increased  stability,  resulting 

fr^a.  Jhe  .addition.  of.TiO^  to  propellent  containing  fine,  medium  and  coarse 

a&j&x&siSs^haym.  fin .Fi^*^ 0,11  and  12  respectively.  The  effeot  of  addition 

bf  different  TiOg  percentages  to  the  propellent  oh  the  experimental  Ha  (Y) 

-and  Re  (41/e)  and  on  the  theoretical  Re  fc/e)  are  snowh  in  Figs. 13, 14  and 

*  \  -N  V*  ft  ,  .  '  *  ' 

15«  . 

"**  • x.-t  ,  if  .  ....... 

Jc.  i;;-/ ;The  frequency  dependence  of  Re  (Y),  Re  (n/e)  and  the  maximum  pressure- 
•  ;h aaplitudp ,f  or ,  the ,  gro up  of,  propellents  in  which  the  oxidize r/fuel  ratio  was 
varde,d>-is  .shown  in  Figs.l6.,1 7  and  18.  .  Tho  dependence  of  the  maximum  pressure- 
amplitude  -on  ^uel/oxipLizer  ratio  at  speoifio  frequencies  is  given  in  Fig.19. 
Fig.20  shows  tho  theoretical  flame  tomporaturo  and  spooifio  impulse  of  the1 
.proponents  usod  in  Figs.l6-19. 


5*1  u\ 


aonium  oerohJ 


The  propellents  used  for  this  seoticn  of  the  research  are  split  into 
two  groups:  first,  propellents  F,  D  and  E  in  whioh  the  oxidizer  particle 


size  was  varied  for  a  propellent  containing  88$  ammonium  perchlorate’  and  1 2$ 
USB 2  (90$  polyisobutene  +  10$  Si 01  wetting  agent),  and  second,  propellents  i> v  ’ 
C,  J  in  which  the  oxidizer  particle  size  was  again  varied  for  propellents 
containing  87$  ammonium  perchlorate,  12$  USB2.and  1$.  titanium,  dioxide.  There 
is  a  slight  change  in  the  oxidizer/fuel  ratio  between  the  two  groups  of 
propellents,  but  other  experiments  (section  5*4)  have  shown  that  this  small 

t  „ 

change  has  little  effect  on  the  acoustic  response  or  any  other'  associated1- rJ  ’’  'l 
property.  "*  ‘  - 

"  '  '  f ; 

Table  1  shows  .that,  as  the  oxidizer  particle  size  is  reduced,  the 

experimental  linear  burning  rate  of  the  proponents  under  steady  state  oondf- 

.  o  , 

tions  increases,  as  predicted  by  Nachbar  .  This  is  observed  for  both  groups 
of  propellents  and  the  percentage  change  as  the  oxidizer'  particle  size  is'-*'  -  ’ 

reduced  is  similar  in  each  group.  "  '  ' 

■  r%'  *  ,  x  .  V 

Considering  now  the  tendency  of  the  propellents  to  burn  unstably,  Fig.'4' 
shows  that  as  the  frequency  increases,  tho  real  parts  of  the  acoustic  response 
for  tho  throe  propellents  F,  D  and  E  all  tond  towards  the  same  value  (-^.0). 
This  indicates  that  at  high  frequencies.  Re  (|j/e)  is  independent  of  oxidisser 
particle  size  and  any  change  in  the  relative  stability  of  burning-  stems  solely 
from  a  change  in  the  steady  state  burning  rate,  as  shown  in  equation  (6)  • 

The  admittance  of  a  solid  propellent  burning  zone  is  given  by 


which  may  be  written  as 


showing  that  for  a  constant  pressure  and  acoustic  response  the  acoustic 


/.  5ft 

admittance  is  direotly  proportional  to  ,  whioh  is  a  measure  of  the 

rate  of  heat  release  of  the  propellent.  This  is  the  quantity  responsible  for 
the  differences  in  the  admittances  of  propellents  D,  E  and  F  at  high 


frequencies. 


8t 


sJS  (At ,  r^quenoios j|  Re  Qi/e)  decreases  with  a  decrease  in  the 

<ixidixernpar.ticle  size,  hut  the  burning  rates  act  in  the  opposite  direction 

'  «-».'*:*  »vf  w  X\‘r  »  *  ,  -  ’*»  *7  f  ’  t>'  . 

•rea.uLting^iny^h^  .a^nitjbonce,  of  the  three  propellents  ail  being  similar. 

'  “'iS^*he ■‘pressure  ejqporient.  in'-iinu-th©  burning  rate  law 

.t  r  =  a  F-  •  (7) 

zxt&  j Vi  ,  , 

•)W»  T5<W^.^ic)^n.itq,:be  similar  for  all  the  propellents  considered  in  this  Report, 
,(»•*■  Table  1 .  Since  at  zero  frequency  fi/e  approaches  n,  tlie  lines  on  Fig. 4 


oust  again  converge  at  frequencies  below  0.7  kHz.  There  is  thus  a  limited 
frequency  region  where  lf/s  Is  dependent ‘upon  partible' -size. 

*J>  "  *  r\  xrf  -  '  r  -  +  > •, 

^  ^  ^  '  ...  -  .  210 

wqrkvhas:  beea  carried  out  at  N.O.T.S.  by  Price  arid  his  group  ’ 

who  variled  .liie,  ;aamonium  pearchlora.te  particle  size  in  a  propellent  based  upon 
’polybutyl  aorylio  aoid  (P.B.A.A.)  as  the  fuel.  At  a  pressure  of  200  psi 

(l379Jd0a~)it  was  found  that  changing  the  particle  size  of  the  oxidizer  only 

t'V '  -V  >  V  -• 

ohsnged  the  steady  state  burning  rate  of  the  .propellent. 

**>&>•< cv.N,  f,-jt  r.. 

.(C.Goi^jideratipn.  of  the.  propellents  containing  titanium  dioxide,  I,  G 
aad-  Jj^Figjfi,,  .shows-  that  the.-apoustic  response  has  bean  reduced  in  each  case 
qcmparedv^o,  the  pjpppellerits  cpntairdng  no  titanium  dioxide  but  the  most  marked 
effectfis  (ShOTm.^r.  propellent  I*.  With  ail  the  other  propellents  used  in  this 
work,,  the  acoustic  response  has  been  comparatively  flat;  howevor,  with 
propellent  I  it  decreases  steadily  over  the  whole  frequency  range,  0, 7-4.0  Hz. 
$hb  aoouetio  response  of  propellents  C  and  J  both  have  similar  values  (~0.6) 
at  high  frequencies  as  observed  for  propellents  containing  no  titanium  dioxide, 


but  they  also  stay  much  closer  together  over  the  rest  of  the  frequency  range. 

.To  summarize,  1$  titanium  dioxide  reduces  the  acoustic  response  of  all  the 

*  >.  /  *■  ■  . 

propellents  but  the  off go t, is  greatest  when  coarse  oxidizer  has  been  used  and 
at  the  high  frequencies. 


If  the  maximum  pressure-amplitude  reached  in  the  T-burner  is  used  as  a 
;  measure  of  the  stability  of  burning  of  the  propellent,  Fig.7  shows  that  with 
no  titanium  dioxide  in  -.the  propellent,  the  propellent  containing  coarse 
oxidizer  .(F)  is  able  to  sustain  the  highest  pressure-amplitude  of  oscillations. 
However  the  reverse  is  true  wi$h  1  fo  titanium  dioxide  present;  Fig.8  shows  that 
title  propellent  containing  coarse  oxidizer  (i)  supports  the  lowest  amplitude  of 
'pressure  bsoiilaci'oris. 

The  effeot  of  titanium  dioxide  oh  each  of  the  proponents  containing  a 
diffororit  partiole  size  of  oxidizer  may  now  be  compared: 
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(i)  fine  oxidizer: 

(ii)  medium  oxidizer: 


(iii)  coarse  oxidizer: 


1$  TiOg  reduces  the  maximum  pressure  -amplitude 
by  a  factor  of  approximately  2.5  (Fig.10) 

1$  Ti02  reduces  the  maximum  pressure-amplitude 
by  a  factor  of  approximately  2.5  at  high 
frequencies  and  by  a  factor  of  10.  at  low 
f r e  quencie  s  (Fig . 1 1 ) 

1$  TiOg  reduces  the  maximum  pressure-amplitude 
by  a  factor  of  100-150  over  the  whole  frequency 
rango  (Fig.l2). 


It  should  bo  noted  that  v/ith  the  proponents  containing  coarse  oxidizer, 
the  maximum  pressure-amplitude  decreases  with  increase  of  frequonoy  whereas 
with  the  propellents  containing  fine  oxidizer  it  increases  v/ith  increase  of 
frequency. 


5 . 2  Effect  of.. addition  of .  titanium,  di oxide  to  the  propellent 

Four  propellents  (A,B,C  and  D)  were  used  for  this  section  of  the  work 

containing  4$,  2$,1$  and  0$  of  titanium  dioxide  respectively  and  a  constant 

12$  USB2.  Their  burning  rates  are  given  in  Table  1,  Addition  of  1$  titanium 

dioxide  to  propellent  D  causes  an  increase  in  the  burning  rate  of  37$  v/heroas 

the  addition  of  a  further  1$  T:.02  increases  the  burning  rate  only  up  to  45$, 

i.e.  by  no  more  than  8$  additional.  Increasing  the  titanium  dioxide  content 

from  2  to  increases  the  burning  rate  by  only  a  further  1$.  Thus,  under 

steady  state  conditions,  an  addition  of  1$  titanium  dioxide  has  a  marked  effect 

on  the  burning  rate,  whilst  further  additions  have  only  slight  effects.  The 

mechanisms  by  which  titanium  dioxide  influences  the  steady  state  burning  rata 

is  uncertain  at  present}  however,  it  is  known  to  have  little  effect  upon  the 
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decomposition  temperature  of  ammonium  perchlorate  . 

The  real  parts  of  the  acoustic  response,  Re  (|i/e)>  for  all  three 
propellents  containing  titanium  dioxide  are  similar  (Fig.14)  and  significantly 
less  than  for  the  propellent  not  containing  titanium  dioxide.  Titanium  dioxide 
has,  therefore,  quite  a  marked  effect  on  the  change  in  mass  burning  rate  for  a 
given  perturbation  in  pressure  and,  as  in  its  effect  on  the  steady  state 
combustion,  the  change  is  similar  for  1$,2$  or  4$  of  titanium  dioxide.  The 
actual  relative  stability  of  burning  under  motor  conditions,  which  takes  into 
aocount  the  difference  in  steady  state  burning  rates  of  the  propellonts,  is 
shown  in  Fig.13.  It  is  evident  that  addition  of  1$  titanium  dioxide  is 
sufficient  to  promote  stability,  and  that  addition  of  4$  titanium  dioxide  results, 
in  a  higher  admittance  than  that  for  the  propellent  with  1$  titanium  dioxide. 


Fig.li  shows  that  all  the  propellents  containing  titanium  dioxide 
supported  a  lower  maximum  pressure-amplitude  in  the  T-bumer  than  the  propel¬ 
lent  without  titanium  dioxide.  The  propellent  containing  4%  TiOg  sustained 
the  lowest  pressure-amplitude  but  the  increased  effect  of  k%  as  opposed  to  1% 
was  most  noticeable  at  the  higher  frequencies.  At  the  lower  frequencies  where 
the  reduction  in-  pressure-amplitude  was  the  greatest,  the  effect  was  similar 
regardless  of  whether  lfo,2$  or  2$  of  titanium  dioxide  had  been  added  to  the 
propellent*  A  similar  trend  was  evident  when  the  rates  of  decay  of  tho 
pressure  oscillations  in  the  T-bumer  wore  plotted  against  frequency*  These 
effects  are  caused  by  particulate  damping  of  the  titanium  dioxide  in  tho  gas 
phase* 

Summarizing,  the  above  results  have  shown  that  titanium  dioxide  is  able 
to  roduoo  the  level  to  which  acoustic  pressure  oscillations  may  rise*  There 
is  an  advantage  in  using  more  than  1/o  titanium  dioxide  at  the  higher  frequencies 
(3-4 kHz),  but  there  is  nothing  to  bo  gained  at  lower  frequencies  (l  kHz)  by 
using  1$  rather  thanl^  of  titanium  dioxide.  Tho  acoustic  response  has  also 
been  shown  to  be  lowered  by  tho  titanium  dioxide,  uniformly  over  the  frequency 
rango  oonsidored,  tho  reduction  being  independent  of  whother  1$,  2/&  and  4/“  were 
addod.  Since  the  decay  oonstants  for  all  tho  propellents  (I,  C  and  J)  contain¬ 
ing  1  %  titanium  dioxido  are  similar  and  the  acoustio  response  and  maximum 
pressure— amplitudo  to  which  the  oscillations  build  up  to  are  so  dependent  upon 
tho  axidizor  partiolo  size,  it  follows  that  titanium  dioxide  must  also  oxort 
an  offoot  in  the  combustion  zono.  The  stabilising  effect  is  greatest  when 
coarse'  ammonium  perohlorate  is  usod  as  oxidizer. 


5.3  Comparison  of  tho  experimentally  determined  response  function  with,  that 
oalou?.ated  bv  the  MoCluro  theory 

Figs *4  and  9  show  the  response  functions  for  proponents  D,  E  and  F  as 

0 

found  exporimt. ntally  and  calculated  theoretically  .  Sinco  the  variables  had 
boon  roduood  to  a  minimum  (variation  in  only  tho  ammonium  perchlorate  particle 
size),  one  might  have,  expocted  theory  to  predict  tho  trend  correctly.  As  may 
bo  seen  from  Figs .4  and  5,  the  two  are  at  variance,  both  in  shape  of  the  curves 
and  in  relative  order. 

A  further  test  was  made  to  compare  McClure’s21'  theory  using  propellents 
A,B,C  and  D  in  which  the  only  variable  was  the  amount  of  titanium  dioxide. 
Figs*l4  and  15  show  respectively  the  real  part  of  the  response  function  as 
found  experimentally  and  calculated  from  McClure’s  theory.  There  is  an  element 
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of  agreement,  in  that  both  show  propellent  D  to  have  the  highest  response 
function  in  the  frequency  range  covered  experimentally.  Apart  from  this, 
however,  there  are  no  obvious  correlations. 

It  must  be  acoepted  that  even  with  these  model  propellents,  theory  has 
failed  to  predict  the  trends  found  in  the  experimental  results* 


The  effect  on  the  acoustic  response  of  varying  the  ammonium  perchlorate/ 

USB2  ratio  is  shown  in  Fig. 17*  The  change  in  oxidizer/fuel  ratio  was  from 

6.1  to  9*5  (stoichiometric  is  at  9»8l)  but  the  change  in  acoustic  response 

was  slight.  Propellent  M  which  is  close  to  the  stoichiometi-ic  mixture  does  have 

a  marginally  higher  acoustic  response,  but  propellents  D,L  and  H  are  all 

similar.  Propellent  N,  which  is  the  most  fuel-rich,  shows  a  more  definite 

trend  to  exhibit  the  lowest  acoustic  response,  at  the  higher  frequencies. 

Fig. 20  shows  the  probable  explanation  for  this,  in  that  the  energy  content  for 

propellent  N  is  considerably  lower  than  for  the  other  propellents.  The  flame 

temperature  and  specific  impulse  were  calculated  theoretically  for  propellent 

2 

compositions  D,L,M  and  N  for  motor  prossures  of  1000  pai  (6895  kN/m  )  and 

2 

expansion  to  14.7  psi  (l01«3  fc^/m  )  and  are  shown  in  Fig.20. 

Fig.l8,  which  illustrates  the  maximum  pressure-amplitude  reached  in  the 
T-burner  firings,  shows  a  similar  finding,  in  that  the  propellents  are  all 
able  to  support  approximately  similar  pro ssure -amplitudes.  However,  if  the 
pressure-amplitude  is  estimated  for  each  propellent  at  specific  frequencies 
(l.5,  2.5  and  4.0  kHz)  and  plotted  against  oxidizer/fuel  ratio,  Fig,l9 
suggests  that  the  maximum  pressure-amplitude  at  each  frequency  is  proportional 
to  the  oxidizer/fuel  ratio.  As  the  propellent  becomes  more  fuel-rich  so  the 
frequency  corresponding  to  the  maximum  pressuro-amplitudo  is  increased. 

The  change  in  linear  burning  rate  of  the  propellent  as  the  ratio  of 
ammonium  perchlorate  to  USB2  is  varied  is  given  in  Table  1 .  As  expeoted  the 
almost  stoichiometric  propellent,  M,  has  a  faster  burning  rate  than  the 
more  fuel-rich  propellents. 

Rice^,  who  has  carried  out  similar  experiments  on  an  ammonium  perchlorate/ 
P.B.A.A.  propellent  system,  found  that  the  propellent  most  fuel-rich  had  the 
highest  acoustic  response  and  vice  versa.  This  is  in  direct  contradiction  to 
tho  results  found  here.  The  most  likely  causo  for  the  different  findings  is 
that  Rice’s  experiments  wore  carried  out  at  a  moan  pressure  of  200  psi 
(1379  kU/m  ),  whereas  the  present  firings  wore  all  at  1000  psi  (6895  kTJ/m  ) 
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and  a  deferent  flame  aturoture  was  probably  present*  These  results  illustrate 
'the.  importance  of  determining  the  aooustio  response  of  the  propellents  at 
presswes;  representative  of  motor  firings* 

6.  CONCLUSIONS 

*  ’  '<b' . » - 

(1)  The  stability  of  burning  of  a  solid  propellont  oan  bo  affeotod  by  a 
ohange  in  thoannionium  perchlorato  partiols  size: 

,  (i).  In  the  absence  of  titanium  dioxido,  at  high  froquonoios  (4  kHz) 

tile  aooustio  response  is  independent  of  ammonium  porchlorato  particle 
size,  but  at  the  lower  frequencies  (l  kHz)  the  coarse  oxidizor  produces 
,  the  least  stable  propellent. 

(ii)  In  the  presence,-  of  1/2  titanium  dioxide 5  the  aooustio  response  is 
lowered.for  each  propellent  containing  a  different  oxidizer  particle 
size,, but  tiie  effect  is .  greatest-  for  the  coarse  oxidizer  at  the  higher 
-  '  frequencies.- 

(2) '  .Titanium 'dioxide  promotes- stable  burning  in,  plastic  propellents  by  two 
major  routes': 

(i)  In  the  gas  phase  it  promotes  aooustio  damping  by  means  of  the  fine 
suspended  solid  particulate  matter.  The  amount  of  gas  phase  particle 
damping  is  proportional  to  the  poroontage  of  titanium  dioxide  added  to 
'the  propellent.  The  proportionality  is  most  noticeable  at  the  high 
frequencies-  (4.0  kHz)  whereas  the  effectiveness  of  the  damping  is  most 
evident  at  lower  frequencies  (l  .5  kHz)  • 

(ii)  Titanium  dioxido  also  exerts  an  influence  on  tho  combustion  zone 
,  and  additions  of  1/2,2$  or  1$  titanium  dioxide  to  the  standard  medium 

grado  oxidizer  propellent  all  lower  the  acoustic  response  by  a  similar 
amount,  approximately  50$,  over  tho  wholo  froquonoy  range.  However, 
titanium  dioxido  exerts  a  far  greator  stabilising  influonce  on  tho 
:  1  obmbustion  of  the  proponent  containing  coarso  oxidizor  at  highor 
frequencies. 

(3)  The  experimental  results  for  simple  propellont  systems  containing  a 
Mnimum  number  of  variables  do-  not  endorse  the  theory  proposed  by  HcCluro. 

(4) ,  Tho  variation  of  tho  oxidizor/fuol  ratio  ovor  a  comparatively  large 
range  has  little  effect  on  the  stability  of  burning  of  plastic  propellents. 

The  results  show  that  as  tho  energy  level  of  tho  propellont  is  reduced  so 

is  its  tondpnoy  to  instability,  but  the  offoc’t  is  small.  This  finding  is  in 
diroct  contradiction  to  some  earlier  rosults  olsowhero  but  a  probable  explana¬ 


tion  has  been  suggested. 


13 


Acknov/lodgment 

The  author  would  like  to  thank  Mr.  G>J*  Spickernell  of  the  E.R.D.E.  for 
his  assistance  in  preparing  the  special  propellent  samples. 


COMPOSITIONS  AND  SOME  BALLISTIC  PROPERTIES  Op  PROPELLENTS  A 


Table  5 

ADDITIONAL  VALUES  USED  FOR  THEORETICAL  CALCULATION  OP 
THE  RESPONSE-  FUNCTION 


i6? 


Body  temperature  of  propellent 
Surface  temperature  of  solid 
Ignition  temperature 
Thermal  conductivity  of  solid 
Thermal  conductivity  of  gas 
Specific  heat  of  solid 

Density  of  solid 

Enthalpy  of  solid  phase  reaction 

Molecular  weight  of  gaseous  products 

Ratio  of  speoifio  heats  for  the 
gaseous  produots 

>  Sensitivity  of  mass  burning  rate 
to  temperature  gradient  of  solid 
surface 

Activation  energy 


T  =  293?K 

T°  =  660°K . 

o 

Tj  =  2100  V 

Xg  =  5  x.  10”4  cal  seo  ^cm  1  V*1 

X  =  5  xi  10*^  cal  sec"1 cm  1  °K  1 

C  =  Specific  hoax;  of  gas  at  const 

8  pressure,  C  =  0.333  oal  gnf1 

V1  p 

**3 

p  =1 .7P5  gaoifi 

’ ' 8  ■  ' 

■h  =  200  cal  gm 

v  0 

M  .  =  24.3 

Cp/Cv  =  1.22 

a  =  -1 

A-  =  ,50000  cal  .mole"1 

s 


c 

f . 

L 

H 


m 

n 


A 


T. 


v 

Y 


8 

X 

e 

PD 


gas 

Psolid 

l-i 


NOMENCLATURE 

velocity  of*  sound 
frequency 

length  of  burner  tube 
molecular  weight 

mass  burning  rate  of  solid  propellent 
pressure  exponent 
mean  pressure 

acoustic  pressure  amplitude 

linear  burning  rate 
flame  temperature 

mean  velocity  of  product  gases  at  the  burning  surface 
specific  acoustic  admittance 

logarithmic  rate  of  grov/fch  of  pressure  oscillations 

logarithmic  rate  of  decay  of  pressure  oscillations 

ratio  of  specif io  heats  .Cp/Cv 
fractional  perturbation  of  pressure 
density  of  product  gases 

density  of  solid  propellent 

fractional  perturbation  of  mass  flow  rate  associated  with 
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FIG. 7  EFFECT  OF  OXIDISER  PARTICLE  SIZE  ON  MAXIMUM 
PRESSURE-AMPLITUDE  REACHED  IN  T  BURNER  FOR 
PROPELLENTS  CONTAINING  0%  T  ^)2 [PROPELLENTS  F.D.E] 


R  P  4SS4 


R  PE  T.R.68/1 
FIG.  8 


MAXIMUM  PRESSURE 
AMPLITUDE  PA,  p  s  i 


FREQUENCY,  KHz 


FIG.  8  EFFECT  OF  OXIDISER  PARTICLE  SIZE  ON  MAXIMUM  PRESSURE 
AMPUTUDE  REACHED  IN  T-  BURNER  FOP  PROPELLENTS 
CONTAINING  1%  Ti  02 


A3  PREDICTED  BY  M  c  CLU RE  THEORY,  FOR  PROPELLENTS  F,  D,  E 


R  P  4557 


R  PE  T.R.68/1 
FIG.II 


MAXIMUM  PRESSURE 
AMPLITUDE  Pa,  P  *  ' 


lOOOi 


PROPELLENT 

AMMONIUM 

PERCHLORATE 

°/o 

So  AMMONIUM 
PERCHLORATE 

USB  2 
% 

t;o2 

% 

O 

D 

88 

1930  CM""  1 

1  2 

0 

• 

C 

87 

1930  CM"  1 

12 

i 

C 

& 

86 

1930  CM-1 

12 

2 

9 

A 

8  4 

1930  CM  “  * 

12 

4 

IOO 


o*  I 


FREQUENCY,  KHz 
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